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Abstract
The adverse properties of composite bond structure, such as complex process and environmental sensitivity, are 
complex and challenge the airworthiness work of it. Based on the advanced technical research in bonded structures 
and the successful engineering practices employed in the industry, the technical issues and certification 
considerations in the bonded structures’ airworthiness work are analyzed so as to provide information considered as 
guidelines or recommendations for the airworthiness work of boned structures. The key technical issues in bonded 
structures’ airworthiness work include: (1) material and process qualification and control, (2) design development and 
structural substantiation, (3) manufacturing implementation, (4) repair implementation, (5) service experience. The 
certification considerations in bonded structures’ airworthiness work include: (1) design and construction, (2) 
structural substantiation, (3) production, (4) continued airworthiness, (5) other elements.
© 2013 Published by Elsevier Ltd. Selection and peer-review under responsibility of ENAC.
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The advantages of bonded structures over conventional mechanically fastened structures are well 
known, and this technology is widely used in both aircraft manufacturing and maintenance [1]. However, 
with the more widespread use of bonded structures for civilian aircraft, more and more technical issues 
emerge such as complex process and environmental sensitivity, which challenge the airworthiness work of 
boned structures. The complicity of bonding technical issues requires the government agencies and the 
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aircraft industry combine their adhesive bonding experiences and technical insights to gain mutual safety 
benefits. In 1999, the Federal Aviation Administration (FAA) cooperate with industry, government
agencies and academia, and established the Composite Safety and Certification Initiatives (CS&CI) 
program for work to update certification guidance materials (such as “Static Strength Substantiation”, 
“Materials Qualification and Equivalency”) and support standardized composite engineering practices. In 
2004, the FAA conducted a survey and two workshops to benchmark industry practices for structural 
bonding.
Based on the advanced technical research in bonded structures and the successful engineering practices 
employed in the industry, this paper analyzes the technical issues and certification considerations in the 
bonded structures’ airworthiness work so as to provide information considered as guidance or 
recommendations for the airworthiness work of boned structures.
2. Technical issues in the airworthiness work of bonded structures
Key technical issues for bonded structures depend on many factors because of the complicity [2]. So, 
successful applications rely on coordinated engineering work, which crosses several disciplines including 
material, process, design, analysis, manufacturing and repair. The bonded interface between substrate and 
adhesive materials contributes to the complexity. In addition, controls have been developed for all the
material or process used in aircraft structure so as to yield a bond with reliable and repeatable 
performance. 
The structural integrity and long-term durability of materials and processes used in bonding should be 
demonstrated so that they can meet the qualification standards. Once qualified, the use of material and 
process controls can ensure these standards are met in subsequent production and maintenance activities. 
Except the factors of manufacturing, tooling and maintenance considerations, the design of bonded joints, 
attachments or repair details also needs to consider the load paths and local stress distribution. The 
implementation of bonding procedures, process controls, documentation, and training in either 
manufacturing or repair, or both, ensure the reliable production of the proven structural concept. 
2.1. Structure Material and Process Qualification and Control
In qualification, the stiffness, strength, durability and reliability of bond materials and processes for 
aircraft applications are demonstrated. Such efforts begin with defining bonding processes and selecting 
compatible substrate, adhesive, and ancillary materials.
Evaluate structural performance, environmental effects and long-term durability in qualification tests.
Also, it is important to establish processing tolerances, material handling and storage limits, and key 
characteristics and process parameters to monitor in quality control [3]. Most bond failures and problems 
in service are due to invalid qualifications or insufficient quality control of production processes.
The bonded joint design configuration, loading requirements, environmental conditions and chemical 
resistance to fluids found in service should be considered when choosing adhesive and substrate material. 
Reduction in strength properties at the maximum operating temperature (MOT) should be known for each 
application.
Define the bond fabrication procedures and perform the trials that demonstrate compatibility between 
the substrates, adhesive, and processes. Some of the most important process steps relate to substrate 
storage, handling, and surface preparation. Reliable adhesive bonding depends on a surface free of 
contamination, a chemically active surface, and a surface resistant to hydration.
The storage, handling, and surface preparation procedures depend on the specific substrate and 
adhesive materials. 
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Another important area of the bonding process is adhesive cure, which needs sufficient pressure and 
temperature to contact bonding surfaces with adhesive. The cure cycle includes the sequence, ramp rates, 
and dwell times for temperature and pressure application.
Bonding materials and processes are qualified and characterized for use in structural applications.
Specific specimen types and test conditions used in qualification are determined by the application. 
The qualification of substrate materials used in aircraft products should be implemented before bond 
processes. Adhesive material qualification and bond process qualification should perform independently. 
The qualification of adhesive material and bond process always covers several different physical, 
chemical, and mechanical tests. Surface preparation, adhesive mixing, viscosity, and cure properties are 
controlled by physical and chemical tests. While, the lap shear stiffness and strength of bonded joint are 
qualified by mechanical tests.
Once there are poor bonding processes, shear tests do not provide a reliable measure of long-term 
durability and environmental degradation because of the mechanical interlocking.
A wedge specimen which considered as a good accelerated lab test for detecting unacceptable metal 
bond processes combines peel loads and extreme environmental conditions. Other specimen types that 
include double cantilever beam (DCB) and flatwise tension are used to evaluate weak bonds for 
composites.
Adhesion failures which emerge in all mechanical test types are considered to be unacceptable. The 
bonded joint failures are examined so as to evaluate the adhesion failures, and the material or bond 
process problems lead to adhesion failures should be solved before going on qualification testing. 
It is essential to define the material procurement specifications, which can be used to control substrates, 
adhesives, and other materials important to the bonding process. The requirements used for qualification 
and subsequent acceptance testing are contained in the material specification. 
Users and suppliers should come to an agreement on what constitutes significant material changes, and 
document it. Whether a minor change can be validated by equivalency sampling tests or whether a 
complete requalification is needed for major changes should be judged by approved procedures.
Process specifications which contain the substrate storage and handing requirements are needed to 
control adhesive bonding. Also, Cleanliness and environmental controls shop areas used in bonding 
should be defined. Surface preparation, adhesive mixing and application, bondline thickness tolerances, 
cure cycle, and post-bond inspection are considered to be key bond fabrication steps which use stringent 
process control.
A “process control mentality” which includes a combination of in-process inspections and tests has 
proven to be the most reliable means of ensuring the quality of adhesive bonds in successful applications. 
If there are no reliable non-destructive inspections (NDI) to detect weak bonds or conditions, in-process 
inspections and tests are essential. 
In order to control process change, procedures are needed to be documented over time. If a change is 
minor, it may be validated through equivalency sampling tests. While, a major change needs a complete 
bond process requalification.
2.2. Design Development and Structural Substantiation
The design of bonded joints and attachments mostly requires shear loads transferring. The design of 
structural details requires minimum local peel forces present in a bond stress distribution. The substrate 
geometry, bondline thickness, bond overlap length affect the stress distribution and strength of a bonded 
joint or attachment. Residual stress is another important design consideration. 
Many bonded joints and attachments are designed to be fail-safe. In the design of bonded joints, only 
the bond is assumed transferring loads, which is due to the mechanisms.
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Crude models, simple two-dimensional analyses and software-based tools are the common analysis 
methods used to design bonded joints and attachments. Crude models provide conservative design values 
by converting shear flow and other loads to an average shear stress.The local shear and peel stress 
distributions predicted by simple analyses and software-based tools help design joint parameters for 
optimal performance. The models include nonlinear elastic and plastic adhesive and the software models 
of adhesive joint geometry and load conditions allow further design improvement.
The disposition of Manufacturing defects and service damage found in the factory and field needs the 
design criteria, analysis, and test data.
The patch geometry, scarf angle, and bondline thickness need to be considered in the typical bonded 
repair. Repair design and analysis should consider the residual stresses caused by the different properties 
between the bonded patch and base.
The structural details, which range in size and assembly completeness (coupons, elements, 
subcomponents and components), use the building block approach with refined analyses and test 
correlations.
The minimum and maximum service temperatures, as well as the moisture content possible after years 
in service should be characterized in design data. 
The long-term environmental exposure to temperature, moisture and other fluids found in service 
should be characterized by testing and the long-term durability of bonded joints also needs to be addressed
[4].
Large-scale tests can be used to substantiate the static strength, fatigue, and damage tolerance of the
components manufactured using production processes. The effects of structural details, damage, defects 
and repair are determined by building block analyses and tests. However, the final proof of the design and 
manufacturing characteristics of configured structures needs large-scale tests. 
The overload factors derived from smaller scale tests can be used in the large-scale tests to handle
Moisture and temperature property degradation.
2.3. Manufacturing Implementation
When implementing new bonding manufacturing, structural details should be well understood through 
manufacturing trials. Scaling issues related to structural details are likely for several bond process steps 
including surface preparation, adhesive application, and cure control. New design development needs
iterative process of defining structural details and performing manufacturing trials, which has been proven 
successful for in the past. Tooling used for bond assembly and cure will depend on mating part geometry, 
cured tolerance controls, and other factors that relate to design details.
The management and control of materials and key bonding process steps need special facilities and 
procedures, which are related to cleanliness, environmental conditions, storage, material life, processing 
records, and maintenance. 
Surface preparation is considered to be the most important process step for structural bonding. The 
surface preparation techniques used for metal and composite substrates is different with each other.
Manufacturing scaling issues for a particular bonded structure need to be taken into account when 
selecting a surface preparation for bond process qualification. In production implementation, the substrate 
surface morphology and chemistry created by a qualified surface preparation process should not be 
changed. Once a surface is prepared, bond should assembly within the specified time, otherwise repeat 
surface preparation.
Bond assembly should consider geometric, fit-up and other timing issues. Cured dimensional 
tolerances and warpage need be controlled for mating parts. Process checks are used to monitor the 
bondline thickness, because it affects the local bond stress distribution and strength. Assembly jigs and 
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procedures can provide pre-bond gap assessment. A number of different spacer types can be used to 
control the minimum bondline thickness.
The cure of bonded structures is controlled so that the adhesive can properly wets the substrate surfaces 
and dwells at temperatures fit for developing the properties for intended applications, without overheating.
The combinations of heat transfer, bond surface contact pressure, and adhesive characteristics during 
different stages of the cure cycle affect the final state of the bond at local points throughout the structure. 
New combinations of parts, tooling, and equipment usually need manufacturing trials. Tolerances and in-
process controls are needed to manage the bond cure cycle and avoid overheating. 
The design of bonded repairs uses many of the same procedures and tools applied to bonded joints and 
attachments. A typical bonded repair considers the patch geometry, scarf angle, and bondline thickness. 
Residual stresses resulting from a difference in the laminate lay-up, stiffness, and thermal expansion 
properties between the bonded patch and base part also need to be considered in repair design and analysis.
Manufacturing quality management is important to many aspects of bonding. A combination of strict 
in-process controls and post-bond inspections is used. The NDI of bonded structure provides necessary, 
but not sufficient, evidence that proper bonding has been achieved. Current NDI methods, such as 
ultrasonic methods, can locate areas of de-bonding, porosity and foreign inclusions (for example, peel ply 
or backing paper left in the bond line) but are unable to reliably detect “weak bonds.” The latter condition 
is best controlled through in-process checks. In-process quality controls are usually applied to surface 
preparation, adhesive mixing, bond assembly and cure. Witness panel tests consider the combined affect 
of these process steps but for a simplified geometry. As a result, other quality measures and controls 
provide supplemental checks on the real structure.
Design data development and structural substantiation can support the technical issue of the disposition 
of processing flaws, which is another area of manufacturing and design integration that is needed moving 
into production.
Manufacture technicians and quality personnel involved in various bond process steps are trained to 
identify and correct the adhesion failures and the associated cause. The material usage, process steps, and 
quality checks applied to each bonded structure should be recorded.
2.4. Repair Implementation
For specific design and process details, adhesive and patch materials selected for bonded repairs 
require substantiation. 
The approach of building block, which includes approved data from the structural substantiation of 
bonded repairs, can provide maintenance documents and additional freedom to repair the damage not 
previously covered instead of returning to large-scale tests. Maintenance documents with details on 
approved inspection, damage disposition, and repair procedures save time.
Qualifications and process controls are essential for materials and processes used for bonded repair are 
qualified. 
Repair shop procedures and records are used to manage the specification requirements for storage 
conditions, shelf-life, out-life, and handling of materials. 
Compared with the new parts stored in a controlled factory environment, the field state of substrate 
materials requires more attention. Field procedures to remove sources of contamination, moisture, and 
other fluids which may present in the area of the structural repair need to be defined and documented.
Special attention should be paid to the cure of bonded repairs in the field, including methods of 
applying heat and pressure, because the method of applying heat, structural details, adjacent systems, 
repair position, the heat transfer are very complex. 
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The overheating of the repair or adjacent structures can cause structural damage or degradation, which 
should be avoided. It is so important to properly place the thermal measuring devices to monitor the 
lowest and highest temperatures during cure of bonded repairs as to control process. 
Some combination of in-process controls and post-bond inspections (for example, NDI) are used in
bonded repair because of the importance of quality management. 
Design data development and structural substantiation can support the technical issue of the disposition 
of processing flaws, which is another area of repair mistakes and processing flaws.
Technicians and inspectors involved in various bond repair process are trained in specific areas of 
responsibility. The material usage, process steps, and quality checks applied to each bonded repair should 
be recorded.
2.5. Service Experience
The reliability of bonding process can be proved by service experience of bonded structures and repairs. 
Once the bond adhesion failures are discovered in service, immediate directed inspections and repair are 
needed. It is important to trace the probable cause of such a problem through thorough production or 
repair records.
Service monitoring of bonded structures or repairs provides data to correlate accelerated test results 
from qualification and in-process control with real-time service exposure.
3. Certification considerations in the airworthiness work of bonded structures
The approach for design and substantiation of bonded structures should not only ensure the bonded 
structural details are producible and subjected to quality control procedures, but also ensure key 
characteristics of the substantiated design are met, and accessibility of bonded structure for inspection or 
other maintenance functions is incorporated into the design [5]. The efforts in structural substantiation 
bear on subsequent production and maintenance. The manufacturing defects and service damage need the
design data or validated analyses, or both, to dispose. 
As a result, this section covers certification considerations for the type design, production, and 
maintenance of aircraft products that use bonding in joints, attachments and repairs.
3.1. Design and Construction
Product type design, which includes information on the dimensions, materials, and processes essential
for defining the structural strength of the product, is defined by drawings and specifications. Type design 
data includes the design and process details which affect the performance of bonded structures. These 
details are controlled in production. The suitability of each questionable design detail or part having an 
important bearing on safety in operations is demonstrated by tests.
Tests taking into account environmental conditions are used to qualify the use of new materials and 
fabrication methods in design and construction of aircraft structure. Also, each specific combination of 
adhesive, substrate materials, and bond process procedures is qualified. Material and process controls 
derive from the results of the tests above. 
As stated in 23.605, fabrication methods are required to “produce consistently sound structure”, which 
means structure with adequate strength and durability. Also, there is a specific reference to fabrication 
methods such as processes that require an approved process specification. 
When generating qualification data, the minimum number of batches, process runs, and test repetitions 
need to be established considering the relationships with material and process controls. The qualification 
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tests performed should be sufficient enough to appropriately characterize bonding materials and processes, 
so that subsequent controls can be met.
The bond process qualification is based on a minimum of six bond process runs, each of which 
performs with a unique batch combination of qualified adhesive and substrate materials. The data with 
significant evidence of adhesion failure should not be contained in material strength properties and design 
values. 
3.2. Structural Substantiation
Composite airplane structure and bonded structures apply the same static strength substantiation, which
includes large-scale tests, building block approach, structural analysis, environmental effects, 
manufacturing anomalies, impact damage, and overload test factors. In general, large-scale tests are often
used to validate new structural design and manufacturing construction, and building block analyses and 
tests can be used to reduce the amount of large-scale testing and eliminate some overload factors. If the 
design and manufacturing details conform to successful experience, building block analyses and tests may 
be applied for final proof of structure instead of large-scale tests. Also, static strength substantiation of 
bonded structure relates to specific design detail, sizing approaches, and test considerations [6]. 
According to §23.573, the fatigue and damage tolerance of bonded structure with new design and 
manufacturing construction need to be validated by large-scale tests. Building block analyses and tests 
play similar role as above. Static strength and fatigue evaluates the manufacturing anomalies and 
accidental damage that may not be detected by factory quality control or field inspection methods. 
Damage tolerance evaluates the accidental or environmental damages that are detectable in the field. The 
intent of static strength, fatigue and damage tolerance rules is minimizing the conditions leading to lost 
ultimate load capability.
As stated in §23.573(a)(5), there are three options to substantiate bonded structure limit load capability, 
including fail safety, static proof tests and NDI technology. Yet, these options do not substitute the need 
for a well-qualified bonding process and rigorous quality controls.
The long-term durability of bonded production aircraft structure, which includes real-time 
environmental exposure, should be validated by service experience other than large scale tests. 
Consequently, close ties between the service and production departments of a manufacturer are essential.
3.3. Production
The production of bonded structure is based on quality management. The environment and cleanliness 
of bonding processes are controlled by facilities to a level validated by qualification and proof of structure 
testing. The specification requirements of controlling adhesives and substrate materials are consistent with 
material and bond process qualifications, which include requirements for storage, handling, and material 
characteristics or process parameters needed to achieve consistent chemical, physical, and mechanical 
properties. In order to keep the integrity of bonded structure, Expendable materials used in bonding 
processes are also controlled and disposed according to the requirements. The plans for regular 
maintenance of production facilities should be recorded.
The process steps, equipment, and tooling, which are essential for the structural bond integrity, are 
fully defined and controlled within tolerances given in specifications or equivalent documents. The 
production tolerances meet standards validated in qualification, design data development, and proof of 
structure tests. The plans for regular maintenance of production equipment and tooling should be recorded.
The quality control system for bonded structures should be established and maintained by production 
certificate holders. The key characteristics and process parameters/equivalent data, which indicate the 
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bonding processes were properly applied, should be documented in process control and production 
records. Any Change in the quality control system should be reviewed by the Administrator.
All manufacturing defects and nonconformities detected by the quality control system need disposition 
process. The acceptance, rework or repair of the production is determined by either design data or 
analyses, or both, which are validated by previous tests. Once adhesion failures discovered during 
production, immediate actions are needed to isolate the problem and determine the reason.
3.4. Continued Airworthiness
Bonded structures and repairs should satisfy the continued airworthiness requirements. The damage 
caused by accidental events, environmental effects or others needs maintenance inspection and repair 
work, the process steps of which are based on approved data and documented in maintenance manuals. 
After the damage in composite or metal bonded structures is initially detected, the full extent of damage 
requiring repair is determined by a more extensive inspection. All the maintenance activities, which 
include repair, inspection, and rework, should be recorded.
Airframe structures’ bonded repairs in a shop or on the aircraft need quality management. In order to 
ensure the integrity of a bonded repair, the environment and cleanliness of repair bonding processes, 
adhesive and substrate repair materials, and expendable materials should be qualified and controlled. The 
regular maintenance plans of repair shop facilities, equipment, and tooling should be documented.
The bonded repair of airframe structures in service and bonding performed in the factory follow the 
same basic principles. In addition, the bonded repair requires the address of technical issues related to the 
damaged condition of the structure and the document of associated additional process steps.
After the full extent of structural damage has been defined, repair work starts. The procedures are as 
follows (All the processes and procedures below should get approved.):
x Firstly, remove the damaged material, paint, and other surface coatings. 
x Then, remove the aviation fluids, clean and dry the structure. 
x Finally, define process steps for surface preparation, adhesive mixing, of repair materials application, 
and bond cure.
In bonded repairing, the process control and quality inspections defined in approved procedures should 
be performed and recorded. Quality controls are used to address the field difficulties throughout the repair. 
Records for bonded repair are used to indicate whether the process was correctly performed.
The nonconformities and defects found in inspection need disposing procedures, which are based on 
approved data.
3.5. Other Elements
To a particular aircraft product, the application of engineering databases, specifications, guidelines, and 
test standards accepted by industry should get approved in the substantiation process. 
If a potential bonding problem directly affects safety and continued airworthiness, communicating and 
coordinating the design, production, and service groups related to bonding are essential.
In order to understand the critical technical issues and processing procedures used for bonded 
structures and repairs, the engineers, technicians, and inspectors involved in design, production, and 
maintenance activities need trained.
4. conclusion
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Building on the data collected through the survey and the workshops, this paper analyzes the technical 
issues and certification considerations in the airworthiness work of the bonded structures, which include 
composite-to-composite, composite-to-metal, and metal-to-metal). The key technical issues for bonded 
structures include material and process qualification and control, design development and structural 
substantiation, manufacturing implementation, repair implementation, and service experience. In addition, 
the certification considerations for bonded structures include design and construction, structural 
substantiation, production, continued airworthiness, and other elements.
All in all, this paper provides guidance for the airworthiness work of boned structures.
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